Computations of x-and y-components of the horizontal derivatives (gradients) from an anomaly grid (with x-and y-axes directed east and north, respectively) still take an important place in potential field data-processing techniques. These techniques may successfully bring out some significant subtle details that are masked in the anomaly maps. Particularly abrupt lateral changes in densities and magnetizations effectively aid geological mapping and these changes may be traced by some derivative-based techniques without specifying any prior information about the nature of the potential field source bodies. Hence derivative-based techniques are regularly used in the visual interpretation of potential field anomalies. It is well known that computation of horizontal derivatives can be performed through either fast Fourier transform (i.e. in wave number domain) or simple finite-difference equations (i.e. in space domain) to outline the geological source boundaries (edges). Numerous studies including the use of either one have been recorded in the literature so far. In this study, comprehensive comparisons of the solutions obtained from those techniques have been made using both synthetically produced and real gravity data sets. Synthetic applications have been performed using both noise-free and noisy gravity data sets for two different depth-to-source scenarios. Thus not only the signal-to-noise ratios but also the depth-to-source conditions have been analyzed to test the performance of those approaches. Additionally, a real data experiment has been achieved using regional Bouguer gravity anomalies from a portion of a well-known geological setting, the Aegean Graben System (Western Anatolia, Turkey). Key Words: Fast Fourier transform, Finite-differences, First-order horizontal derivatives, Geological contact mapping, Gravity anomalies. 
INTRODUCTION
Computations of directional derivatives of potential field anomalies in both horizontal and vertical directions are still one of the main data-processing and interpretation techniques for geological contact mapping. Edge detecting techniques are generally based on the position of extreme or zero points using directional derivatives and their various combinations (Wanyin et al. 2009 ). These techniques may describe lateral variations in lithology and yield useful information on structural systems and deformation styles (Zhang et al. 2011 ). Thus, they are commonly used in the visual interpretation of potential field anomaly maps. The main geological bodies, subtle geological features, geological contacts, geological structures and alignments, and also textural information about geological domains can be described through these techniques (Boschetti 2005) . Therefore accurate computation of directional derivatives of potential field data is essential for data-processing and also in data-based interpretation (Roy 2013 ).
Numerous derivative-based data-processing techniques are frequently used as edge detecting tools such as total horizontal derivatives Grauch 1982, 1985) , boundary analysis (Blakely and Simpson 1986) , analytic signal amplitude (Roest et al. 1992) , tilt angle (Miller and Singh 1994) , enhanced horizontal derivative method (Fedi and Florio 2001) , total horizontal derivative of the tilt angle (Verduzco et al. 2004 ), theta map (Wijns et al. 2005) , local phase (Cooper and Cowan 2006) , normalized standard deviations (Cooper and Cowan 2008) , tilt angle derivatives (Salem et al 2008) , terracing potential field data (Cooper and Cowan 2009) , profile curvature (Cooper and Cowan 2011; Ekinci et al. 2013 , Ekinci and Yiğitbaş 2015 , optimized detection filters , eigenvalue analysis of gravity gradient tensor (Zuo and Hu 2015) , improved curvature gravity gradient tensor with principal component analysis (Wang et al. 2015) , horizontal directional theta method (Yuan et al. 2016) . In all these image enhancement techniques mentioned above, first-order horizontal derivatives in both x-(east) and y-directions (north) are used. Abrupt lateral changes in densities and magnetizations effectively help geological mapping and these changes may be determined by derivative-based techniques without a prior information about the nature of the causative geological sources. Thus the directional derivatives of potential field data and the products thereof play a significant role in anomaly enhancement (Roy 2013) . Computation of horizontal derivatives is deployed fast and easy even using large potential field data sets. Firstorder horizontal derivatives of potential field anomalies are commonly obtained through fast Fourier transform (FFT) or finite-differences (FD) equations.
FFT, a spectral domain technique, is known to be efficient in computing directional derivatives. However, since the technique is sensitive to the noise content in the data, it may be flawed in some cases in computing derivatives (Cooper 2002; Wang 2008) . On the other hand, because the differentiation is an ill-posed problem, small errors and deviations in the observations may cause large errors in the derivatives when using simple FD techniques as well (Menke 1984; Li and Ma 2013) . It is clear that both techniques may have some drawbacks, and they may encounter problems when dealing with data containing noise content. In this study, therefore, the responses of those techniques were tested and compared using both synthetically produced and real gravity data sets. Both noise-free and noisy gravity anomalies were produced for the synthetic simulations. Real data applications were carried out using a portion of regional Bouguer gravity anomalies of the wellknown Aegean graben system (western Anatolia, Turkey). GMINTERP software package (Ekinci 2010; Ekinci and Yiğitbaş 2012, 2015) was used for the simulations presented in the following sections.
METHODOLOGY
The steepest total horizontal derivative (THD) of a gravity anomaly due to a tabular source tends to overlie the edges of the source body (Blakely 1996) . The magnitude of the THDs is defined by
where ∆g is the gravity anomaly, ∆x and ∆y are the first-order horizontal derivatives with respect to x-(east) and y-(north) directions, respectively. Using the simple FD approaches first-order horizontal derivatives are easily estimated (Blakely 1995) . If the discrete measurements are carried out at uniform sample intervals, the horizontal derivatives of observed gravity data at any point are approximated by the following equations (Blakely 1995) ( )
where i and j represent the discrete values of ∆g (x,y) on the observation plane at uniform sample intervals ∆x and ∆y Additionally, as originally described by Pedersen (1989) , firstorder horizontal derivatives can be obtained in wavenumber domain using FFT. According to the differentiation theorem they are given by (Blakely 1995) (
where ik x and ik y are the filters that make the transform on a horizontal surface into first-order horizontal derivatives, and F represents the FFT.
For the synthetic simulations, rectangular prisms were considered to approximate a volume of mass. The gravitational attraction of a single rectangular prism is easily computed by integration over the limits of the prism. A rectangular prism with uniform density has a vertical attraction at the origin that is given by following equation (Blakely, 1995) 
where γ is the gravitational constant and ρ denotes the density contrast. The derivation of the preceding integral can be provided for the procedure (Plouff 1976) , that is, ( )
where
SIMULATIONS

Tests with Synthetic Data
The gravity response of vertical-sided three prisms ( Figure 1a ) was generated for the test simulations via Equation 7. A 0.25 km × 0.25 km grid interval was used for 3D forward modeling. The model parameters of the causative prismatic bodies are given in Table 1 . Figures 2a and b demonstrate the obtained THD image maps from the application of FFT and FD, respectively. Note that FFT assumes that a grid is periodic and thus it repeats itself infinitely many times in all horizontal directions, and this behavior mostly generates unwanted edge effects if the edges of the data grid do not meet smoothly with their repetitive neighbors (Blakely 1995) . Thus, in this study, to reduce the possible discontinuities at the edges, the size of data grid was augmented to the next higher power of 2 by adding artificial data bands to the east and north edges of the data grid prior to the FFT. The added extra data bands were removed at the end of the operation as suggested previously by Ekinci and Yiğitbaş (2012, 2015) .
It is clearly seen that both techniques produced almost identical anomaly maps (Figures  2a and b) . Amplitude variations in both images exhibited a sharp transition in the amplitudes from the edges towards the centers of the model bodies. Horizontal boundaries of the prismatic bodies were successfully defined by high amplitudes. For the second synthetic example, the depths of the prismatic bodies were increased without changing the thicknesses (Table 2 ) to see the efficiency of the techniques against to the depthto-source changes. The gravity response of the deeper source bodies is shown in Figure 1b . Since the depths of the bodies were increased, a lower amplitude (resolution) image map was obtained as expected. In this instance, although the high amplitude responses gave some clues for the source positions, FFT and FD techniques ( Figures  2c and d) could not produce sharp boundaries for the edges due to low resolution. Additionally, it is worth mentioning here that unlike the FD-derived THD image (Figure 2d ), high amplitude responses of the bodies located at the corners of the map plane are slightly blurred in the FFT-derived THD image (Figure 2c ). In the next step to carry out the test studies on noisy data sets anomaly maps given in Figures 1a and b were contaminated by adding normally distributed zero-mean pseudo-random numbers with standard deviations of ± 0.1 mGal and ± 0.03 mGal, respectively (Figures 3a and b) . THD anomaly maps (Figures 4a and b) obtained by the use of both techniques indicate that the edges of the source bodies are clearly improved. However, the effect of the pseudo-random noise is much more enhanced in the FFT-derived THD image map (Figure 4a ). Considering the responses of the both operators (Figures 4c and d) on the amplitude of deeper bodies (Figure 3b ) it is obvious that the edges of the source bodies are dominated by low resolution and the noise content is notably increased in FFT-derived THD map ( Figure  4c ). The synthetic simulations performed using idealized model bodies clearly showed that when the noise level is low or does not exist FFT and FD techniques produce almost the same THD anomaly maps. On the other hand, although both techniques are sensitive to the noise content in the anomalies, FFT amplifies the amplitude of the artificial noise more than does the FD technique. 
Test with Real Data
The test area considered for the real data example is a well-known geological setting located at the Aegean Graben System (Western Anatolia, Turkey), and it covers an area of 11200 km 2 ( Figure  5a ). Sharp topography in the area is due to young horst-graben geomorphology (Figure 5b ). In the study area, NE-SW trending basins (GD: Gördes Basin, DB: Demirci Basin and SB: Selendi Basin) are seismically active regions and they are bounded by active faults (Figure 5c ). Through the GDG (Gediz Graben) the footwall of the detachment faults consists of different lithologies belonging to metamorphic rocks of the Menderes Massif (Ekinci et al. 2013 ), described as Pre-Neogene basement here (Figure 5c ). The total thickness of sedimentary fill of the GDG reaches up to about 2500 m (Çiftçi and Bozkurt 2009 ). The hanging wall of the detachment fault is characterized by a Miocene to Pliocene sedimentary sequence of clastics labeled as Neogene rocks and by Quaternary alluvium (Ekinci et al. 2013 ).
GB and SB, as NE-SW trending secondary grabens in the north of GDG, are the components of West Anatolia Extensional Province (WAEP). Both GB and SB comprise Neogene rocks ( Figure  5c ), which were developed through Miocene, and Quaternary. The GB is marked with Quaternary Alluvium and Neogene (Early Miocene) aged basin fills consisting of clastic, lacustrine and tuffaceous rocks which unconformably overlie Pre-Neogene basement including metamorphic rocks of the Menderes Massif and ophiolitic melange, and each of them is cut by intrusive bodies (Purvis and Robertson 2005) . The SB developed over the metamorphic basement of the Menderes Massif and ophiolitic melange (Seyitoğlu 1997, Purvis and Robertson 2005) , starts with Early Miocene alluvial fan and fluvio-lacustrine sediments and follows with unconformably EarlyMiddle Miocene continental clastics to lacustrine sediments fill (Seyitoğlu 1997) . Sedimentary package overlain Early Miocene strata are coeval and intercalated with volcanic rocks (Seyitoğlu 1997 ). The youngest one in the succession is unconformable Pliocene-Quaternary sediment and Quaternary Volcanics (Purvis and Robertson 2005) . DB which developed on the Menderes Massif has similar stratigraphy with SB that comprises two main volcano-sedimentary successions (Helvacı 2015) . The basin-fill starts with EarlyMiddle Miocene conglomerates of the Kürtköyü formation that pass upwards into the sandstonemudstone alternations of the Yeniköy formation (Helvacı 2015) . These units are unconformably overlain, in ascending order, by the Mahmutlar formation, the Demirci formation, and the Sevinçler volcanics that crop out in the northeastern part of the basin (İnci 1984) . Strike-slip faults with the normal component are basin-bounding faults of NE-SW trending basins and exhibit an almost straight outcrop pattern. They occur as single or fault segments and juxtapose basement with basin fill (Bozkurt 2003) .
The regional Bouguer gravity data of entire Turkey were acquired at approximately 2-5 km intervals and the whole anomaly map was published by General Directorate of Mineral Research and Exploration of Turkey (MTA 2006) using 2 km grid spacing. In the regional anomaly map of the studied area shown in Figure 6a , an increasing trend in the anomaly amplitudes towards the west is clearly seen due to the thinning crust (Ekinci et al. 2013) . The relatively thick sedimentary deposits of the GDG and the Neogene basins cause to the lowering of gravity amplitudes Şalk 2002, 2006; Ekinci et al. 2013) . BH (Bozdağ Horst) is characterized by relatively higher gravity amplitudes due to the existence of metamorphic rocks of the Menderes massif as clearly seen from Figure 5c .
Before the computation of THDs, a firstorder polynomial surface including the effects of the horizontal trend and regional background was subtracted from the regional Bouguer anomaly map shown in Figure 6a to obtain the residual anomalies exhibiting the effects of shortest wavelengths. Figure 6b shows the residual anomaly map, and it is clearly seen that the increasing trend in gravity amplitudes towards the Aegean Sea was successfully attenuated. Thus a first-order polynomial surface is deemed to be sufficient. Additionally, negative gravity anomalies of the sedimentary deposits of GDG and the basins were noteworthy enhanced (Figure 6b ) which allowed for a more accurate comparison. Image maps in Figures 7a and b show the performances of FFT and FD techniques, respectively, on producing the THD anomalies. Images indicate that both techniques produced close anomaly patterns. However, when the images are carefully analyzed it is seen that FD-derived THD map yielded a more detailed response. Abrupt lateral changes in densities between GDG and neighboring Neogene rocks produced higher amplitudes in FD-derived THD map (Figure 7b) . In order to better understand the performances of those techniques, normalized amplitude THD maps were also produced and they are demonstrated in Figures 7c and d using the anomalies in Figures 6a and b , respectively. High amplitude traces surrounding the GDG are more evident in the FD-based image (Figure 7d) . Additionally, some traces of the NE-SW trending normal faults bounding the basins located at the NE part of the study area are obviously observed in Figure 7d . On the other hand, the traces of the aforesaid faults could not be followed clearly in Figure 7c . Based on the results of real data example it is worth mentioning here that the superiority of FD technique on the calculation of THDs over FFT technique is evidentiary. 
CONCLUSIONS
A comprehensive study comparing the effectiveness of wavenumber domain (i.e. FFT) and space domain (i.e. FD) techniques in computing firstorder horizontal derivatives of two-dimensional gravity data is presented. Through the test studies performed using synthetic anomalies with and without noise content, it was obviously observed that FD-based THD image maps yield more dramatic solutions for the computation of horizontal derivatives. Additionally, the results obtained from the synthetic applications show that the simple difference equations are more robust and effective in enhancing the amplitudes of deeper sources in the existence and the absence of noise content. Real data experiment achieved using regional Bouguer gravity anomalies from a portion of a well-known geological setting, the Aegean graben system (western Anatolia, Turkey), also indicate the advantage of FD technique in producing THD image maps. The locations of the abrupt lateral changes in densities are clearly improved in THD map produced by means of FD technique. Based on the both synthetically produced and real field data experiments FD technique is decided to be more efficient in computing the horizontal derivatives. 
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